2.! We test the hypothesis that willow shrublines have expanded to higher elevations in relation 26
to climate across a 50 x 50 km area in the Kluane Region of the southwest Yukon Territory, 27
Canada by surveying of 379 shrubs at 14 sites and sampling of 297 of the surveyed shrubs at 28 10 sites. We compared growth and recruitment to climate variables to test the climate 29 sensitivity of shrub increase using annual radial growth analysis, age distributions and repeat 30 field surveys to estimate the current rate of shrubline advance. 31 32 3.! We found consistent and increasing rates of recruitment of alpine willows, with estimates of 33 faster advancing shrublines on shallower hill-slopes. Mortality was extremely low across the 34 elevation gradient. Aspect, elevation and species identity did not explain variation in 35 recruitment patterns, suggesting a regional factor, such as climate, as the driver of the 36 observed shrubline advance. 37 is climate constrained and experiencing the most rapid change of any terrestrial biome on the planet 54 (Post et al. 2009 ). Climate warming has already altered ecological boundaries in high-latitude 55 ecosystems, and is thought to have contributed to the expansion of at least half of treelines into 56
Arctic and alpine tundra globally (Harsch et al. 2009 ). Beyond the treeline, tall-statured shrub 57 species are projected to expand their ranges with climate warming into previously low-statured 58 tundra communities (Post et Büntgen et al. 2015) , rather than growth alone, will drive shrubline 93 advance. Thus, it is still uncertain if the same climate or biological drivers will control shrubline 94 advance relative to shrub expansion in tundra ecosystems. 95
96
Treeline advance has been studied in more detail than changes in the elevation limit of tall shrub 97 species, and the reported drivers of treeline advance, though often linked to climate, are varied 98 (Harsch & Bader 2011) . A global meta-analysis of 166 treelines found that over half had advanced 99 in elevation since 1900, while just under half remained unchanged over the same period (Harsch et 100 al. 2009 ). Climate sensitivity of tree growth has been identified at treeline (Ettinger, Ford & 101 HilleRisLambers 2011); however, the controls on tree recruitment at treeline are often related more 102 closely to winter (rather than summer) weather and microenvironmental conditions (Wilmking et Büntgen et al. 2015) in tundra ecosystems (Fig. 1) . Because shrubline advance is so 111 infrequently studied, we lack a complete understanding of the drivers of ecological boundaries 112 beyond treelines. 113
114
In this study, we tested the hypothesis that the willow shrubline has advanced over the past 50 years 115 in our focal research site in the Kluane region of the southwest Yukon Territory, Canada. We 116 compared largest stem initiation and growth rates to climate variables to test the climate sensitivity 117 of shrub recruitment and growth. If shrubline advance is related to a large-scale regional driver such 118 as climate, we predict consistent evidence of new recruitment across the study region. If shrubline 119 advance is mediated by local-scale processes, such as microclimate, herbivory or disturbances, we 120 predict variation in recruitment patterns across the region. We used dendroecology to investigate 121 shrub largest stem initiation over the second half of the 20 th century and repeat ecological 122 monitoring over a four-year period (2009 -2013) to calculate current, and estimate future, rates of 123 cover change, recruitment, age distributions and shrub densities at the elevational shrubline in this 124 high-latitude alpine tundra ecosystem. 125
126

Materials and Methods 127
Literature Review 128
We surveyed the literature for all studies presenting evidence of shrub dynamics including: 129 patch/cover change, infilling or recruitment change in existing shrub tundra, and advance of the 130 latitudinal or elevational shrubline (Fig. 1) . We began with existing reviews of shrub expansion 131 (Myers-Smith et al. 2011a; Büntgen et al. 2015) and then supplemented these literature reviews 132 using the search terms: "tundra" and "shrub" and conducting a comprehensive search for the years 133 2011 to 2016 using both Web of Science and Google Scholar. We recorded the shrub change 134 observed, coordinates of the study sites, species under investigation, methods used, sample size and 135 other relevant information for all studies identified (Table S1) . 136
137
Field surveys 138
We investigated shrubline advance along 26 hill-slopes in 14 sites in the Kluane region of the 139 southwest Yukon Territory (Table S2, 2005), which could be a factor influencing the present-day variation in species composition (Fig.  143   S2) . 144
145
At each site, we established a survey transect parallel to the contours of the valley hill-slope at 146 shrubline, the maximum elevation at which tall willow species grow (Fig. 2, Table S2 ). We 147 searched for the highest elevation at which a plant from any of the tall willow species grew along 148 the hill-slope. This individual became the first transect point and shrub to be surveyed along the 149 shrubline transect. We identified each willow individual for each different species found within 3 m 150 of a transect point located every 10 m along the hill-slope from the first shrub sampled, until we had 151 sampled 8 individuals for age determination and growth ring width measurements. If no willows 152 were present at a given transect point, we walked further along or slightly down towards the 153 shrubline transition until the next willow was reached. This survey method allowed for the distance 154 among individuals and the density of shrubs at the shrubline ecotone to be calculated. 155
156
After surveying at shrubline, we walked down the hill-slope until reaching a subjectively estimated 157
zone of approximately 50% tall willow shrub cover. At two sites, Burwash and Bison, cover was 158 closer to 20% as the topography of the valley did not permit surveying on the same aspect at a 159 lower elevation (Table S2) . At all sites except Printers Pass and Copper Joe Creek, we repeated this 160 survey on the opposite aspect of the valley or in the case Five Lakes on the opposite side of the 161 ridge, and for Aishihik Ridge and Cranberry Ridge, at a location further along the ridge (Table S2) . 162
163
The six most abundant tall willow species in the Kluane Region were Salix pulchra Cham. 164 were absent, we were not able to distinguish between the species S. niphoclada and S. glauca 170 during field surveys. We have therefore combined these individuals into one taxonomic category; 171 however, we believe that most individuals sampled in this group are S. niphoclada. Species 172 identifications were confirmed by George Argus (Emeritus, National Herbarium of Canada). The 173 location, elevation, hill-slope, and aspect were recorded, as well as the largest diameter of the shrub 174 patch and the maximum height. 175
176
Climate data 177
The Kluane Region has a continental climate that is also influenced by coastal weather patterns with 178 cold winters with October -February mean temperatures from -7°C to -15°C and relatively warm 179 summers with June -July mean temperatures from 7°C to 11°C at lower elevations around 800m 180 (Fig. S3) 
Sample collection 187
We collected stem samples from 297 individuals across 20 of the 26 hill-slopes at 10 of the 14 sites. 188
We collected a 3-5 cm sample of the largest stem of each individual for growth ring analysis just 189 above the stem-root interface along two elevational transects on two hill-slopes for a total of eight 190 individuals per transect and 32 individuals per valley (see above). Occasionally, samples could not 191 be collected due to low shrub prevalence (e.g. Copper Joe Creek) or could not be processed due to 192 wood rot or growth deformities, thus reducing the final sample sizes slightly at some sites (Table  193 S2). Sampling was not conducted at the sites Aishihik and Cranberry Ridge, was only conducted at 194 one aspect in Bison Valley, and at one elevation for Printer's Pass and Copper Joe Creek (Table  195 S2). At two sites with longer continuous elevation gradients, Gladstones and Observation Plateau, 196 we sampled again at a lower elevation where shrub cover was approximately 75% (Table S2) . 197
198
In these alpine ecosystems near the elevational shrubline where shrub plants have few stems (from 199 one to tens) and a stunted growth form, information from the base of the largest stem likely 200 represents similar information to that found in the root collar, which may not be the case in more 201 continuous shrub cover at lower elevations (Ropars et al. 2017) . We restricted our sampling to 202 higher elevations where willow patches were smaller and were non-contiguous in their extent (the 203 average willow patch diameter was 100 cm and the average density of individuals was 17 per 100m, 204 Table S2 ), so that we were likely sampling only distinct genetic individuals. Although willow 205 species can spread laterally through clonal growth, individuals growing in these extreme 206 environments with shallow active-layer soil depths have been shown to be genetically distinct even 207 when growing in relatively close proximity (Douhovnikoff et al. 2010) . 208
209
Age estimates 210
Age estimates were determined for all samples using dendrochronology following methods adapted 211 for tundra shrub species (Myers-Smith et al. 2015b). Rings were counted from thin cross sections of 212 the largest stems harvested just above the root collar. The age of shrub stems was estimated as the 213 maximum number of rings measured between four radii for each sample. We sampled two serial 214 sections ~5 cm apart along the largest stem of 25 individuals and age estimates differed by 2 ± 0.5 215 years (mean ± SE). We compared age estimates between the first and second largest stems on 18 216 different shrub individuals, and found that the stem age varied by an average of 6 ± 2 years (mean ± 217 SE) between these stems. Therefore, we assume that stem age estimates and the estimated initiation 218 dates of the largest stem could have an error of around ± 6 years. Stem ages are only minimum 219 estimates because sometimes rings are missing, the pith of the stem is rotten, or the largest stem or 220 basal stem section might not represent the oldest part of the willow shrub. However, the estimated 221 years of initiation of stems gives a good indication of the overall history of growth of these high-222 elevation shrubs. 223
224
Growth measurements 225
To process samples for annual radial growth measurements, we made thin sections of the shrub 226 stems, mounted the sections on glass slides, and took digital images with a microscope mounted 227 digital camera. Each shrub section was measured along four radii for annual increment with a 
Growth data 244
We removed the first five years of growth to account for irregular growth patterns during early life 245 stages. Data were not detrended to account for age-related growth, as these trends were not present 246 in most shrub individuals and we wanted to treat all individuals in the same manner (Myers-Smith 247 et al. 2015b). Growth data at the level of the individual and climate data at the site level were mean 248 centred and variance scaled using the standard score to convert all growth and climate data into the 249 same units and to meet the assumption of normality. (Table S2 ). To calculate shrubline advance, we estimated the rate of change of shrub 255 density over time based on largest stem recruitment rates estimated from the dendroecological age 256 estimates among the two transect elevations. This was calculated as the slope of the linear 257 relationship between the number of shrubs per 100 m as recruitment progresses and time in years 258 (see Fig S5) . Thus, our estimates of shrubline advance assumed that hill-slopes with higher rates of 259 shrubline advance had 1) greater rates of increasing shrub densities over time, and 2) greater 260 differences in age distributions among transects at shrubline versus at lower elevations (Fig. S5) . We used linear models to test for differences of shrubline advance and elevations between sites. We 274 compared the minimum age of shrub individuals among sites using Kruskal-Wallis tests or between 275 elevations among sites using Friedman rank sum tests using the package agricolae, because age 276 distributions at high elevations were right skewed and non-parametric tests were required. We used 277 mixed models with site as a random effect to test for a difference in patch width and height to 278 compare the patch size of shrubs between sites. We used MANOVA and ANOVA to test for 279 variation in patch size among species. We used a Shapiro-Wilk normality test to evaluate the age 280 distributions. The variables stem width, patch width, patch height, and age were log transformed to 281 meet criteria for normality and homogeneity of variance. We used time series analysis to test the 282 correspondence between pulses of largest stem initiation and weather data using the stats, mFilter 283 and TTR packages (Büntgen et al. 2015) . We used linear models to test the correspondence 284 between detrended largest stem initiation (Hodrick-Prescott filter) and summer (June- Estimates of shrub cover change 314
We used our collected age distribution, shrub cover and field survey data to make a simple 315 projection of future patch expansion of tundra shrubs overtime across the Kluane Region. We used 316 exponential relationships to project patch size increase with age, based on the change in patch size 317 of currently existing shrub patches over a 50-year period, and compared these results to measured 318 increases over a four-year period (2009 -2013). The 95% quantile relationship was calculated 319 using the quantreg package. 320
321
Results
322
Our literature review indicated few studies demonstrating shrubline advance and increased shrub 323 recruitment at sites around the tundra biome (Fig. 1, Table S1 ). Only six other studies at five study 324 sites investigated shrubline advance beyond current elevational limits of shrub species in addition to 325 this study (Dial et 
willows decreased from treeline with greater elevation (Table S2 ). Our sampling of 297 of the 334 surveyed individuals at 10 sites indicated skewed age distributions and younger willows at 335 shrubline transects than in the zone of 50% shrub cover (Fig. 5 and Fig. S4 ; Friedman rank sum test 336 = 14.22, F 2,144 = 64, P !2 < 0.01, P < 0.01). Ages at shrubline did not vary significantly between sites 337 (Kruskal-Wallis χ 2 = 34.40, df = 36, P = 0.54). Shrub density differed between sites (Table S2) ; 338 however, all sites showed similar patterns of largest stem initiation and increasing density over time 339 (Fig. S5) . Only one case of mortality was observed in the survey of 379 individuals, and 340 observations of stem mortality were very infrequent. When travelling between sites, only three dead 341 individuals were observed, with evidence of stem girdling present in each case, likely as a result of 342 small mammal herbivory. The rates of shrubline advance (Fig. 3a) and elevation of shrubline (Fig.  343   S1 ) varied across the Kluane Region. Shrubline advance was negatively correlated with the hill-344 slope of the alpine valleys (Fig. 3a) and was not explained by aspect and elevation (linear model, P 345 = ns). Willows were smaller at shrubline relative to those found at lower elevations (Table S2,  346 linear mixed models, shrubline estimate ± SE = -0.44 ± 0.06 m, t-value = -7.39, P < 0.01). 347 348 Tall willow diversity was variable across the Kluane Region with different willow species growing 349 at the shrubline ecotone (Fig. S2) . However, three species, S. niphoclada, S. pulchra, and S. were larger for S. pulchra (ANOVA, F 2,224 = 8.61, P < 0.01, Tukey's Test pair-wise comparisons). 358
Largest stem initiation pulses were correlated with winter temperatures (Fig. 5 ) and the variation in 360 annual radial growth of willows was best explained by summer temperatures (Fig. 6, Fig. S6 , Table  361 S4). Climate sensitivity of willow annual radial growth was variable across the Kluane Region (Fig.  362   6, Fig. S6 , Table S4 ) and this variability was not explained by hill-slope, elevation or species 363 composition (linear mixed models, P = ns). We observed shrub recruitment rates of ~20 ± 5 364 individuals per hectare per decade (mean ± SE) and measured rates of increased shrub cover of ~5 ± 365 1% per decade (mean ± SE) from seedling and patch expansion surveys at the Pika Camp site over 366 the period 2009 to 2013. Using a simplified relationship between age and patch size constrained by 367 the monitoring data, and based on the assumption that conditions will remain similarly favourable, 368
we estimated that willow cover will increase by at least 20 percent at lower elevations and could 369 increase as much as five-fold at the shrubline ecotone over the next 50 years (Fig. 7) . 370
371
Discussion 372
This study provides compelling evidence for wide-spread recent advance of the shrubline across 373 high-latitude alpine tundra of the Kluane Region. While it is commonly assumed that there is ample 374 evidence for shrubline advance in tundra ecosystems eg. IPCC Working Group II (2014), studies 375 documenting shrubline advance or increasing shrub recruitment are rare (Fig. 1, Table S1 ). In the 376
Kluane Region, we found uniform patterns of increases in the initiation of the largest stems among 377 species and sites with differing aspects and hill-slopes. This indicates that a regional driver such as 378 climate warming is likely to be responsible for the observed changes. Annual radial growth of these 379 willow species was best explained by interannual variation in summer temperatures, and pulses of 380 initiation of the largest stems by winter temperatures. A previous literature review of recruitment 381 rates of tundra shrubs did not identify a consistent timing of increased recruitment at sites around 382 the tundra biome (Büntgen et al. 2015) . 383
384
In the Kluane Region, the earliest pulse in the initiation of the largest stems of shrubs at shrubline 385 occurred between 1989 and 1996, and began earlier, between 1980 -1985, in the 50% shrub cover 386 zone (Fig. 4) . Summer temperatures have been warming gradually in the region since 1960 and 387 general increase in winter temperatures have occurred since the early 1980s (Fig. S3) . We observed 388 almost no dead individuals, and saw little evidence of dieback or dead stems in the field surveys, 389
indicating that adult willow mortality has been very low in recent years. In cold tundra 390 environments, woody material decomposes slowly (Hobbie 1996) and should be preserved on the 391 landscape for decades. The observed high recruitment rates and low mortality, climate sensitivity of 392 initiation of largest stems and growth indicate that a rapid change in shrub cover is currently 393 occurring in alpine tundra of the Kluane region. If conditions remain favourable for growth and 394 recruitment over the next 50 years, tall willow cover could increase by 20% or more and shrubline 395 could continue to advance in this region (Fig. 7) . 396
397
Shrubline advance 398
We suggest that climate warming has improved growth and recruitment conditions, leading to the 399 observed increased shrub abundance and cover in the Kluane Region. We found a uniform pattern 400 of shrubline advance between the four dominant tall willow species and an increasing rate of largest 401 stem initiation across the Kluane Region. The age of willow stems was surprisingly uniform among 402 sites and between species, with a median shrubline age of 17 years at the shrubline ecotone, despite conditions for recruitment have gradually improved over the past half century. We found that pulses 448 in largest stem initiation were best explained by variation in winter temperatures indicating that 449 frost damage might be a driver of seedling mortality. We predict that if recruitment conditions 450 continue to remain favourable, increased recruitment will continue to occur in this region. shrubline advance in this region is more difficult. Shrub growth and patch expansion is limited by 487 available resources (Tape et al. 2012) , and shrubline advance is limited by factors such as substrate, 488 seed source and disturbance. Large-scale disturbances such as hill-slope erosion were observed at 489 many of the sites that had low elevation shrublines. Hill-slopes with talus, scree or exposed rock are 490 not sufficiently stable at higher elevations to support further willow range expansion. On many of 491 the hill-slopes with high shrublines, tall willows are already growing close to the tops of ridges. 492
Though these shrubline individuals were small in stature and did not make up a significant 493 proportion of the overall shrub cover, they had successfully established and were persisting at these 494 higher elevation sites. Our findings add to the growing evidence of increases in shrub abundance in tundra ecosystems, 508 and provide one of the few examples of both upslope advancement and increasing rate of initiation 509 of largest stems of shrubs in relation to climate warming in tundra ecosystems (Fig. 1) . We find that 510 contrasting seasons influence growth (summer) and largest stem initiation (winter) in this system. A 511 significant change in tall shrub canopy cover and elevational range extent will begin to alter a 512 error of the projections for the shrub patch cover increases from the survey data, but not the overall 974 uncertainty of these simplified model estimates which would be much greater. These estimates suggest 975 that shrub cover will double at lower elevations and increase 10-fold at the shrubline ecotone, if 976 conditions remain unchanged and all the individuals surveyed continue to grow at the same rate over 977 the next 50 years (b). New recruitment and continued improved growing conditions, which are not 978
